INTRODUCTION
============

Diabetic nephropathy (DN) is the leading cause of kidney failure in the world. This disease primarily affects the glomerulus, the functional filtration unit of the kidney, which consists of a specialized capillary array within an open three-dimensional capsule ([@B33]; [@B45]; [@B32]). The capillary network is given structural support and maintained by the mesangium, composed of mesangial cells and the mesangial extracellular matrix (ECM). Between the capillary lumina and the surrounding space is a filtration barrier that consists of an inner fenestrated endothelial cell layer, an outer layer of visceral epithelial cells (podocytes), and an intervening glomerular basement membrane (GBM) made of ECM components. Diagnostic features of diabetic nephropathy are expansion of the mesangial ECM, thickening of the GBM, and gradual occlusion of glomerular arterioles.

Mesangial expansion is the most important prognostic feature of DN, since functional decline occurs as the urinary space and the glomerular capillaries are gradually eclipsed by aberrant ECM accumulation ([@B32]). The pathogenesis of DN is not well understood, but previous studies implicated a host of factors that mediate high glucose--induced ECM production. High glucose culture conditions induce expression of ECM proteins by mesangial cells in vitro ([@B4]; [@B34]; [@B24]; [@B58]). Increased reactive oxygen species (ROS) generation is a hallmark of the diabetic milieu ([@B9]), and ROS-induced production of profibrotic growth factors, such as transforming growth factor-β (TGFβ), is well documented ([@B45]; [@B1]). High glucose--induced activation of protein kinase C (PKC) has pleiotropic effects in mesangial cells, including a role in increased ECM production ([@B9]; [@B1]). Activation of these pathways leads to excessive accumulation of ECM proteins in vivo, and this buildup represents a final common pathway in mesangial expansion.

Under physiologic conditions, the mesangial ECM consists of collagens (including types I and IV), laminin, fibronectin (FN), and proteoglycans ([@B22]; [@B32]). The predominant matrix protein found in healthy and diabetic glomeruli is type IV collagen ([@B66]). Significant increases in FN have been detected in several glomerulopathies, including DN ([@B15]; [@B56]), and FN is one of the first ECM proteins to increase in the early stages of DN ([@B18]). However, the role of FN in the progression of DN is unknown. Although there is temporal overlap in the buildup of FN and type IV collagen, no molecular connection between these two proteins has been made in DN.

Much work has been done to understand the roles of collagen-binding integrins in DN ([@B46]). Integrin α1β1, the primary type IV collagen receptor, negatively regulates collagen synthesis ([@B20]), and integrin α1--null diabetic mice exhibit exacerbated mesangial ECM accumulation ([@B66]). In contrast, deletion or inhibition of integrin α2β1 limits glomerular damage after renal injury ([@B8]). α5β1 integrin, the receptor responsible for FN matrix assembly, is expressed by mesangial cells and is present in the glomerulus ([@B29]; [@B28]). α5β1 expression is up-regulated in mesangial cells in response to TGFβ ([@B61]), and high glucose has been shown to up-regulate α5β1 expression in podocytes, as well as FN expression in mesangial cells ([@B31]; [@B65]). FN matrix assembly is initiated when FN dimers bind to α5β1 integrins, which promotes FN--FN interactions to form fibrils ([@B53]; [@B36]). Other ECM proteins, including type I and III collagens, depend on a fibrillar FN matrix in order to be incorporated into the ECM in vitro ([@B54]; [@B59]; [@B38]; [@B27]; [@B53]). In addition, cells interacting with a fibrillar FN matrix are stimulated to assemble additional matrix ([@B39]), a potentially important phenomenon in a chronic and progressive disease such as DN. A stimulatory effect of high glucose on α5β1 integrin--mediated assembly of FN matrix could feed the accumulation of additional FN and might also play a role in the deposition of type IV collagen by mesangial cells in DN. However, the effect of high glucose on FN matrix assembly and the implications for other matrix proteins remain undetermined.

In this study, we investigate the effect of high glucose on mesangial cell--mediated FN matrix assembly and show that high glucose--induced collagen IV deposition is dependent on FN assembly. We propose a role for FN assembly as an early and essential mediator of high glucose--induced ECM accumulation. Our findings suggest that FN matrix may provide a novel target for therapies that control excess ECM deposition and stem the progression of DN.

RESULTS
=======

High glucose conditions stimulate mesangial cell--mediated FN matrix assembly
-----------------------------------------------------------------------------

To investigate the effects of high glucose on FN matrix assembly, we used a conditionally immortalized mouse mesangial cell line ([@B12]). Matrix assembled by mesangial cells grown under conditions of normal (5 mM) or high (30 mM) glucose was analyzed both visually and biochemically in order to compare levels of fibrillar FN matrix ([Figure 1](#F1){ref-type="fig"}). After 4 d of growth under normal or high glucose conditions, mesangial cells and the endogenously produced matrix were fixed and FN was visualized by indirect immunofluorescence. Images of representative fields reveal that mesangial cells cultured in high glucose assembled more FN matrix than cells maintained in normal glucose conditions ([Figure 1A](#F1){ref-type="fig"}), as indicated by the higher average total fluorescence intensity for high glucose samples. Peak frequencies across randomly selected linear regions show that the density of FN fibrils is higher in high glucose cultures than with normal glucose. The increased amplitudes of lines plotted for the high glucose condition reflect higher fluorescence intensity.

![High glucose induces mesangial cell--mediated assembly of FN. Mesangial cells were grown in media containing 5 mM glucose plus 25 mM mannitol (normal glucose) or 30 mM glucose (high glucose). Cells were fixed and stained with R457 anti-FN antiserum after 4 d (A) or lysed in DOC (B) or SDS (C) buffer after 3 d, and FN was isolated from conditioned medium using gelatin--Sepharose beads (C). (A) Total mean fluorescence intensities were measured for 10 randomly selected fields/condition and normalized to DAPI staining. Values were used to calculate the average FN staining intensity, which was 1.35-fold (*n* = 3, *p* \< 0.05) greater in high than in normal glucose conditions. Line plots display fluorescence intensity per pixel across five randomly selected 300-pixel linear regions (inset). Images are representative of three independent experiments; scale bar, 50 μm. (B) The DOC-insoluble fraction, (C) secreted FN from the conditioned medium, and cell-associated FN from whole-cell SDS lysates were separated by SDS--PAGE and immunoblotted with R457 anti-FN antiserum. Relative densitometry values (below the lanes) are the mean of three experiments normalized to GAPDH from the DOC-soluble fraction. Blots are representative of three independent experiments.](2342fig1){#F1}

The maturity of a FN matrix can be assessed by the content of deoxycholate (DOC) detergent--insoluble FN protein ([@B42]; [@B50]). High glucose conditions stimulated a \>6-fold increase in DOC-insoluble FN matrix as compared with normal glucose conditions ([Figure 1B](#F1){ref-type="fig"}). The average increase in the DOC-soluble fraction was more modest at 1.4-fold (1.4 ± 0.05, *n* = 2). To determine the total amount of FN protein produced by these cells, we examined relative levels of FN secreted into the culture medium and total cell-associated FN in SDS lysates (matrix and intracellular combined) by immunoblot. Amounts of secreted FN were roughly equivalent between the normal and high glucose conditions ([Figure 1C](#F1){ref-type="fig"}). However, total cell-associated FN differed by at least fourfold ([Figure 1C](#F1){ref-type="fig"}). Given the difference in DOC-insoluble FN matrix, it seems likely that the difference in total cell-associated FN results from an enhanced ability to assemble FN matrix under high glucose conditions. Because at least fivefold more FN is found in the secreted than the cell-associated fraction, relative total combined FN protein levels differed by no more than 1.2-fold between high and normal glucose conditions.

If observed differences in FN matrix assembly are due to high glucose--induced changes in FN protein levels, then the addition of exogenous FN to cells cultured in normal glucose should increase the assembly of FN matrix. On the other hand, if differences in matrix assembly persist in the presence of exogenous FN, that would strengthen the case for a distinct effect of high glucose on the ability of mesangial cells to assemble matrix.

To test the effects of FN levels on assembly, we grew mesangial cells under normal or high glucose conditions for 2 d in the presence of exogenous rat FN at a concentration of 10 μg/ml. Cells grown under high glucose conditions assembled exogenous FN into matrix at higher levels than cells grown in normal glucose ([Figure 2](#F2){ref-type="fig"}). This difference can be seen by indirect immunofluorescence using a species-specific monoclonal antibody that recognizes rat, but not mouse, FN ([Figure 2A](#F2){ref-type="fig"}). In line with observations for endogenous FN, increases in average total and regional fluorescence intensities and in fluorescence peak frequencies were measured. Quantification of rat FN in DOC-insoluble matrix confirmed that high glucose had a pronounced effect on assembly, with \>10-fold increase in DOC-insoluble rat FN compared with normal glucose conditions ([Figure 2B](#F2){ref-type="fig"}). These data show that increased FN levels do not induce higher levels of assembly by cells cultured in normal glucose.

![Exogenous FN does not induce assembly in normal glucose. Mesangial cells were grown for 2 d in normal or high glucose media containing 10 μg/ml rat plasma FN. (A) Cells were fixed and stained with IC3 anti-rat FN monoclonal antibody. Total mean fluorescence staining for rat FN measured for 10 randomly selected fields/condition was increased 1.31-fold (*n* = 3, *p* \< 0.05) in high as compared with normal glucose. Line plots display fluorescence intensity per pixel across five randomly selected 300-pixel linear regions (inset). Images are representative of three independent experiments; scale bar, 50 μm. (B) Cells were lysed in DOC buffer and immunoblotted with IC3 monoclonal antibody. Relative densitometry values (below the lanes) were normalized to GAPDH from the DOC-soluble fraction. Additional replicates had no detectable DOC-insoluble FN in the 5 mM condition. Blot is representative of three independent experiments.](2342fig2){#F2}

Another mechanism by which cells modulate FN matrix assembly is through levels of the FN receptor, α5β1 integrin, expressed at the cell surface. As such, we measured α5β1 integrin expression levels using flow cytometry. Mesangial cells grown under normal or high glucose conditions for 3 d and then labeled with an anti--α5β1 integrin antibody had equivalent median fluorescence intensities of 3.6-fold over background ([Figure 3A](#F3){ref-type="fig"}). Therefore, in contrast to studies on podocytes ([@B31]), high glucose conditions had no discernible effect on mesangial cell surface levels of α5β1 integrin, and high glucose--induced FN matrix assembly cannot be explained by changes in the number of cell surface integrins.

![Mn^2+^ stimulates assembly of FN matrix in normal glucose. Mesangial cells were grown in normal or high glucose media and then labeled with an anti--α5β1 integrin antibody for analysis by flow cytometry (A), replated on FN-coated coverslips (B), or fixed and stained with IC3 anti-rat FN monoclonal antibody (C). (A) The graph is representative of two independent experiments. (B) Cells were incubated for 1 h at 37°C with or without 1.0 mM MnCl~2~ before unattached cells were washed away. Attached cells were fixed and stained with rhodamine--phalloidin, and 15 fields/condition were counted. Images are representative; scale bar, 100 μm. Bar graph shows the mean of two to four independent experiments ± 1 SD; \**p* \< 0.05 compared with 5 mM glucose. (C) Cells were treated or not, as indicated, with 1.0 mM MnCl~2~ for the final 4 h of culture and then fixed and stained with IC3 anti-rat FN monoclonal antibody. Images are representative; scale bar, 50 μm. Total mean fluorescence was measured for 10 fields/condition. Values were used to calculate the average FN staining intensity, which was 1.34-fold greater in high glucose, 1.31-fold greater in normal glucose with Mn^2+^, and 1.28-fold greater in high glucose with Mn^2+^, all compared with normal glucose conditions (*n* = 2, *p* \< 0.05).](2342fig3){#F3}

Integrin stimulation increases mesangial cell adhesion and matrix assembly
--------------------------------------------------------------------------

The activity of α5β1 integrin has a central role in assembly of FN fibrils and in stabilizing cell interactions with assembled FN matrix ([@B62]). We assessed the effect of high glucose on the ability of mesangial cells to bind to FN---a readout for integrin function---using a cell adhesion assay. Mesangial cells grown under normal or high glucose conditions for 3 d were plated in serum-free medium on a FN-coated surface. After 60 min, we observed that about twofold more high glucose--treated cells attached than with the normal glucose control ([Figure 3B](#F3){ref-type="fig"}). High glucose--cultured cells also appeared more spread. To determine whether integrin activation has a role in the differences in adhesion and spreading, we tested cell adhesion in the presence of Mn^2+^, a known activator of integrins ([@B19]). When mesangial cells were allowed to attach to FN in the presence of 1.0 mM MnCl~2~, normal glucose--conditioned cells attached in equivalent numbers to cells exposed to high glucose ([Figure 3B](#F3){ref-type="fig"}). Therefore activation of mesangial cell integrins with Mn^2+^ is sufficient to induce robust cell adhesion, independent of whether the cells are cultured in low or high glucose.

To determine whether integrin activation by Mn^2+^ also affects FN matrix assembly, we grew mesangial cells for 2 d under normal or high glucose conditions in the presence of 10 μg/ml rat FN and added 1.0 mM MnCl~2~ for the final 4 h of culture ([@B49]). FN matrix was then visualized by immunofluorescence, and average total fluorescence intensities were measured. Mesangial cells grown under normal glucose conditions in the presence of Mn^2+^ assembled FN matrix at levels equivalent to cells grown under high glucose conditions without Mn^2+^ ([Figure 3C](#F3){ref-type="fig"}). These data show that Mn^2+^ stimulation of integrin activity under normal glucose conditions is sufficient to promote FN matrix assembly by mesangial cells. Moreover, similar amounts of matrix were obtained whether cells were stimulated with high glucose, Mn^2+^, or both, suggesting that either treatment is sufficient to achieve maximal assembly under these conditions.

High glucose activates integrins via PKC
----------------------------------------

Two assays were used to assess the effect of high glucose on integrin activation status: an antibody capture assay and a ligand-binding assay. In the first assay, mesangial cells grown for 3 d under normal or high glucose conditions were tested for binding to surfaces coated with 9EG7, an anti--β1 integrin antibody that recognizes the β1 activated conformation ([@B7]; [@B62]). Cells cultured in high glucose bound significantly more to 9EG7 than did cells grown in normal glucose ([Figure 4A](#F4){ref-type="fig"}). For the second assay, integrin function was assessed by measuring the amount of soluble FN that bound to mesangial cells in suspension ([@B43]). Mesangial cells grown under high glucose conditions bound greater than fivefold more FN than the normal glucose control cells ([Figure 4B](#F4){ref-type="fig"}). Glomerular endothelial cells exposed to high glucose conditions exhibited a similar behavior of increased binding to a 9EG7-coated plate and increased binding of FN in suspension, suggesting that the effect of high glucose on integrins is not unique to mesangial cells (Supplemental Figure S1). PKC activity has been shown to play a role in integrin activation in platelets ([@B14]) and is increased in mesangial cells grown under high glucose ([@B5]; [@B14]). Pretreatment of cells with calphostin C, an inhibitor of PKC, abolished the stimulatory effect of high glucose on β1 integrin measured using the 9EG7-binding assay ([Figure 4C](#F4){ref-type="fig"}). These data suggest that high glucose conditions activate β1 integrin in a PKC-dependent manner and implicate changes in integrin activation as a mechanism for high glucose--induced FN matrix assembly.

![High glucose induces activation of β1 integrins. Mesangial cells were grown for 3 d in normal or high glucose (A, B) or for 2 d in normal or high glucose with dimethyl sulfoxide or 0.1 μM calphostin C (C). (A, C) Cells were then plated on surfaces coated with 9EG7 anti-β1 antibody and incubated for 30 min at 37°C before unattached cells were washed away. Attached cells were fixed, and three wells/condition were counted. Bar graph shows the mean of two independent experiments ± 1 SD; \**p* \< 0.05 compared with 5 mM glucose; \*\**p* \< 0.05 compared with 30 mM glucose. (B) Cells in suspension were incubated with rat FN for 30 min at room temperature, pelleted through a sucrose cushion, lysed in SDS sample buffer, and immunoblotted with IC3 anti-rat FN monoclonal antibody. Relative densitometry values (below the lanes) are the mean of three experiments.](2342fig4){#F4}

Type IV collagen binds to FN
----------------------------

Accumulation of FN matrix due to high glucose could serve as an initiating event in DN that affects the accumulation of other ECM proteins found in the glomerulus. Because type IV collagen is the most prominent matrix protein in lesions of glomerulosclerosis, it was relevant to characterize the interaction between FN and collagen IV. In a solid-phase binding assay, purified rat plasma FN was incubated with purified type IV collagen, and bound protein was detected by an enzyme-linked immunoassay. Type IV collagen bound to FN or to a recombinant N-terminal 70-kDa fragment of FN in a concentration-dependent manner ([Figure 5](#F5){ref-type="fig"}). The 70-kDa fragment contains a fibrin-binding/matrix assembly domain and a collagen/gelatin-binding domain ([@B53]). It is well established that FN\'s collagen/gelatin domain binds to type I collagen ([@B26]). To address whether this domain also mediates type IV collagen binding to FN, we performed a binding assay in the presence of gelatin as a potential competitive inhibitor. The interaction between collagen IV and the 70-kDa fragment of FN was significantly inhibited in the presence of gelatin ([Figure 5](#F5){ref-type="fig"}). A similar result was obtained with type IV collagen and full-length FN in the presence and absence of gelatin (unpublished data). Therefore type IV collagen binds to FN at the collagen/gelatin-binding domain.

![Type IV collagen binds to the gelatin-binding domain of FN. Plates were coated in triplicate with 0.5 and 2.0 μg/ml purified rat plasma FN or a recombinant 70-kDa N-terminal fragment of FN. Purified mouse collagen IV at 30 μg/ml was then bound in the presence or absence of 100 μg/ml gelatin and ELISA performed to detect bound protein. Mean absorbance of two to four independent experiments ±1 SD; \**p* \< 0.05 compared with no gelatin.](2342fig5){#F5}

Type IV collagen deposition by mesangial cells depends on FN matrix
-------------------------------------------------------------------

Early-stage lesions of glomerulosclerosis stain prominently for FN ([@B15]; [@B18]). Because type IV collagen predominates as DN progresses ([@B66]), we sought to test whether FN matrix serves as a template for subsequent collagen IV deposition. Using a mouse model of DN, we found that FN and collagen IV colocalize to the mesangium in the glomeruli of diabetic mice (Supplemental Figure S2). Mesangial cells grown under normal or high glucose conditions and stained for type IV collagen showed higher levels of matrix collagen in the high glucose condition ([Figure 6A](#F6){ref-type="fig"}). Mesangial cell--assembled matrices costained for both FN and type IV collagen display coalignment of type IV collagen (red) with FN fibrils (green) ([Figure 6B](#F6){ref-type="fig"}). Coalignment is particularly evident in higher-magnification images, in which all collagen staining is closely associated with FN fibrils. These observations suggest that the direct FN--collagen IV interaction observed in vitro might be involved in mesangial cell--mediated ECM assembly.

![FN and type IV collagen colocalize in mesangial cell--assembled matrix, and inhibition of FN matrix assembly ablates collagen IV matrix. Mesangial cells were grown for 3 d on collagen IV--coated coverslips in normal or high glucose media containing 10 μg/ml rat plasma FN (A--C). We added 2.4 μg/ml III-11C control peptide or FUD, a known inhibitor of FN matrix assembly, with the rat FN (C). Cells were fixed and costained with IC3 anti-rat FN monoclonal antibody (green) and anti-collagen IV antibody (red). (A) Collagen IV staining is shown alone. Scale bar, 50 μm. (B) Yellow staining indicates colocalization of FN and type IV collagen. Images are representative of three independent experiments. Scale bar, 10 μm. (C) Images are representative of two independent experiments; scale bar, 50 μm.](2342fig6){#F6}

If FN matrix serves as a template for collagen IV deposition, then inhibiting FN matrix assembly should affect the organization of collagen IV. The functional upstream domain (FUD) of the F1 surface protein of *Streptococcus pyogenes* is a specific and potent inhibitor of FN matrix assembly ([@B17]). It binds to the matrix assembly domain located at the N-terminus of the FN subunit, thereby preventing the homotypic interactions crucial for fibril assembly ([@B41]). The III-11C peptide is commonly used as a control peptide in FUD experiments ([@B52]). In the presence of III-11C, mesangial cells under both normal and high glucose conditions assembled exogenous FN into fibrils, and type IV collagen organized by these cells colocalizes with those FN fibrils ([Figure 6C](#F6){ref-type="fig"}). In the presence of FUD, not only was FN matrix absent, but also type IV collagen matrix was ablated. Diffuse staining for FN might represent FN that is bound to integrins but prevented from being organized into fibrils by FUD. These results support our hypothesis that FN matrix serves as a template for type IV collagen deposition by mesangial cells. These data, combined with the observation that FN accumulation precedes the buildup of type IV collagen in glomerulosclerosis, point to FN matrix assembly as an important and early event in ECM accumulation during DN.

DISCUSSION
==========

In diabetic nephropathy, dysregulated buildup of ECM proteins results in functional decline of the glomerulus. Our analyses of mesangial cell--mediated matrix assembly show that FN matrix assembly is significantly increased in the presence of elevated glucose levels, suggesting that FN is a potentially important modulator of disease progression. The enhancement of matrix assembly is not due to increases in total FN or cell surface α5β1 integrin, but is recapitulated by stimulation of integrin activity with Mn^2+^ under normal glucose conditions. Furthermore, high glucose conditions are sufficient to induce β1 integrin activation in a PKC-dependent manner. These data show that integrin activation, downstream of high glucose, increases mesangial cell--mediated matrix assembly. Increased FN matrix assembly correlates with the level of deposition of type IV collagen, the primary constituent of fibrotic ECM in the glomerulus, and both FN and collagen IV are ablated by an inhibitor of FN matrix assembly. These findings show an important role for FN assembly in type IV collagen accumulation and are noteworthy in the context of DN because the FN--collagen IV interaction may prove an appealing therapeutic target to stem ECM protein accumulation in the diabetic glomerulus.

A well-established mechanism for inside-out integrin activation depends on talin binding to the cytoplasmic tail of the β subunit ([@B57]). Stimulation of talin binding has been shown, in other systems, to be downstream of PKC ([@B51]). PKC and a guanine nucleotide exchange factor (GEF), CalDAG-GEFI, regulate Rap1b, a Ras-family small GTPase ([@B14]; [@B30]). Activated Rap1 binds to Rap1-GTP--interacting adaptor molecule (RIAM), which directly interacts with talin to facilitate its binding to the β integrin cytoplasmic tail ([@B35]). This pathway has been identified and characterized in Chinese hamster ovary cells expressing activation-dependent αIIbβ3 integrin, but may also be at play in our system. For example, PKC activation by high glucose as a consequence of intracellular accumulation of diacyl glycerol (DAG) is well documented ([@B9]) and has been shown to result in elevated Rap1b expression and activity in mesangial cells ([@B37]). CalDAG-GEFIII is expressed specifically in mesangial cells and has been shown to activate Rap1 in both in vitro and in vivo settings ([@B64]). Thus the initial steps in the pathway are present in mesangial cells and may culminate in the Rap1-RIAM complex promoting talin interaction with the β1 integrin cytoplasmic tail. Although this model needs to be tested experimentally, it represents a plausible mechanism for high glucose--induced integrin activation and the consequent increase in mesangial cell--mediated FN matrix assembly.

Before this study, accumulation of FN and the buildup of type IV collagen in the diabetic mesangium have been viewed as concurrent yet independent processes. It is clear from our data that high glucose stimulates integrin-mediated FN assembly. The relevance of this phenomenon to disease progression is heightened by the demonstration of a direct interaction between FN and collagen IV matrix. Previous studies noted soluble FN binding to denatured and native collagen IV ([@B16]; [@B3]). Our data demonstrating the dependence of collagen IV matrix on FN assembly suggest a novel role for FN in facilitating the deposition and perhaps also the accumulation of collagen IV in DN. It is possible that FN matrix also serves a more general role by facilitating accumulation of collagen IV as well as other ECM proteins with which it directly interacts, such as perlecan ([@B23]). Having localized the relevant binding site for collagen IV on the FN molecule to the collagen/gelatin-binding domain, it will be of interest to determine the impact of inhibiting this interaction on the deposition of type IV collagen matrix. Targeted inhibition of interactions with FN\'s collagen/gelatin-binding domain prevents type I collagen matrix accumulation ([@B55]). Furthermore, inhibition of FN matrix assembly in vivo using FUD has proven to reduce collagen I accumulation in a mouse model of vascular injury ([@B13]). We propose that inhibitors of FN assembly, like FUD, might also have efficacy in mouse models of DN.

The role of FN in promoting deposition of other ECM proteins suggests that increases in FN matrix might initiate a positive feedback loop in which high glucose--induced FN matrix assembly begets yet more FN deposition. This idea is supported by the fact that cell interactions with a three-dimensional fibrillar FN matrix stimulate further matrix assembly in vitro ([@B39]). Such an effect could be compounded in DN by the established negative regulatory effect of diabetic conditions on matrix turnover, including reduced protease (e.g., MMP-2, MMP-7) activity and increased expression of endogenous protease inhibitors (e.g., TIMP1, PAI-1; [@B47]; [@B21]; [@B40]; [@B44]). These changes disrupt the balance of matrix assembly and degradation present under physiologic conditions and result in mesangial ECM expansion.

The fibronectin--collagen IV interaction may also have broader implications concerning other forms of glomerulosclerosis, which develops as a consequence of nearly all forms of chronic glomerular disease ([@B6]; [@B67]). Although elevated blood glucose might not play a role in the pathogenesis of these nondiabetic entities, mesangial cell--mediated FN assembly as a general response to injury in chronic disease may be important in collagen IV accumulation. In addition, the effect of high glucose on FN--integrin interactions may be relevant to other forms of diabetes-induced end-organ damage, such as diabetic retinopathy. Retinal endothelial cells exposed to high glucose exhibit a similar improved ability to engage FN to that described here in mesangial cells ([@B48]). Another study of retinal endothelial cells under high glucose conditions demonstrated the importance of cellular FN levels in modulating production of vascular endothelial growth factor, an important promoter of the neovascularization that defines diabetic retinopathy ([@B11] ). In these diseases and others, high glucose--induced, integrin-mediated FN assembly and FN--collagen IV binding may contribute to pathogenesis.

Mesangial cell--mediated ECM deposition represents a final common pathway in DN and all chronic glomerular disease; as the process most directly linked to functional decline, it is a logical point for intervention. Because FN serves as a template for collagen IV, the predominant ECM protein in lesions of DN, it is an optimal target for the development of novel inhibitors such as small molecules that can block FN--collagen IV binding. In addition to serving as useful tools in understanding the importance of this interaction in cell-mediated ECM assembly in vitro and in DN in vivo, such an inhibitor may hold promise as a novel pharmacotherapy for DN.

MATERIALS AND METHODS
=====================

Fibronectin, peptides, and antibodies
-------------------------------------

Fibronectin was purified from fresh-frozen rat plasma by gelatin--Sepharose affinity chromatography ([@B63]). The recombinant 70-kDa fragment of FN was generated using the baculovirus insect cell expression system ([@B2]). FUD and III-11C, expressed in *Escherichia coli*, were purified as described previously ([@B25]). The anti-FN antibodies used were polyclonal antiserum R457 raised against the N-terminal 70-kDa fragment of rat FN ([@B2]) and rat-specific anti-FN monoclonal antibody IC3 from ascites fluid ([@B50]). Other antibodies used were against glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 14C10; Cell Signaling Technology, Danvers, MA), collagen IV (AB756P; Millipore, Billerica, MA), β1 integrin (9EG7; BD Biosciences, San Jose, CA), and α5β1 integrin (BMB5; Millipore). Secondary antibodies used were horseradish peroxidase--conjugated (HRP) goat anti-mouse immunoglobulin G (IgG), HRP--goat anti-rabbit IgG (Pierce, Rockford, IL), and Alexa Fluor 488 and 568--conjugated goat anti-mouse, goat anti-rabbit, and goat anti-rat IgG (Life Technologies, Carlsbad, CA).

Cell culture
------------

Conditionally immortalized mesangial and glomerular endothelial cells were isolated from an Immortomouse as previously described ([@B10]). These cells express a temperature-sensitive SV40 large T antigen when grown in the presence of interferon-γ at 33°C. Cells were maintained at 33°C in the presence of 100 IU/ml interferon-γ (Sigma-Aldrich, St. Louis, MO) and 10% fetal bovine serum (Hyclone, Logan, UT) in DMEM with 1 mM sodium pyruvate, 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml Fungizone (all Life Technologies). Cells were grown at 37°C in the absence of interferon-γ for at least 4 d and one passage before use in experiments--- conditions previously established to result in a phenotype similar to freshly isolated primary mesangial cells ([@B10]). Cells were propagated in the foregoing medium containing 20 mM glucose and 10 mM mannitol. Cells were seeded for experiments in this same medium, allowed 4 h to adhere, and then serum-starved overnight in media containing 5 mM glucose and 25 mM mannitol. Finally, after 20 h of serum starvation, the medium was changed to DMEM with 5 mM glucose and 25 mM mannitol or 30 mM glucose, plus 10% fetal bovine serum, and maintained for 2--4 d, as indicated. Cells were cultured in fetal bovine serum depleted of plasma FN by gelatin--Sepharose chromatography for experiments to measure total FN levels.

Cell lysis and immunoblotting
-----------------------------

Mesangial cells were seeded and serum starved as described and then grown for 2 or 3 d in the presence or absence of rat plasma FN at 10 μg/ml as indicated. Cells were washed with cold phosphate-buffered saline (PBS), and matrix was dissolved in DOC lysis buffer (2% DOC, 20 mM Tris-HCl, pH 8.8, 2 mM EDTA, 2 mM phenylmethylsulfonyl fluoride \[PMSF\]) with protease inhibitor cocktail (Roche Applied Science, Penzberg, Germany; [@B50]). After centrifugation at 14,000 rpm for 10 min at 4°C, the supernatant was separated and the pellet washed once with DOC lysis buffer to ensure removal of all DOC-soluble material. The DOC-insoluble pellet was solubilized in SDS lysis buffer (2% SDS, 20 mM Tris-HCl, pH 8.8, 2 mM EDTA, 2 mM PMSF) with protease inhibitor. Total protein concentrations were measured in the DOC-soluble fraction using a bicinchoninic acid protein assay (Pierce), and equal amounts of DOC-soluble protein or proportional volumes of DOC-insoluble samples were separated by SDS--PAGE on 6% polyacrylamide gel alongside Precision Plus Protein Standard (Bio-Rad, Hercules, CA). Protein was then transferred to nitrocellulose membrane. Antibody incubations were performed in buffer A (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween-20). Total FN was detected with R457 anti-FN antiserum diluted 1:500, and rat FN was detected with IC3 rat-specific anti-FN ascites fluid diluted 1:10,000. DOC-soluble samples were probed with anti-GAPDH antibody to confirm equal loading. Secondary antibodies were diluted 1:10,000 in buffer A. Blots were developed using SuperSignal West Pico ECL reagents (Pierce). Densitometry was performed on scanned films using ImageJ (National Institutes of Health, Bethesda, MD), and exposures yielding signals within the linear range were quantified. FN levels were normalized to GAPDH.

To measure total FN levels, FN secreted into the cell conditioned medium and cell-associated FN in whole-cell lysates were quantified. Secreted FN was isolated from conditioned medium using gelatin--Sepharose beads. In parallel, cells were lysed in SDS lysis buffer. Samples were reduced and separated by SDS--PAGE on 6% polyacrylamide gel and immunoblotted, and band intensities were quantified as described.

Immunofluorescence and microscopy
---------------------------------

Mesangial cells were seeded on glass coverslips and serum starved as indicated. For type IV collagen staining, coverslips were coated with 10 μg/ml purified mouse type IV collagen protein (BD Biosciences) by incubating for 1 h at 37°C. Cells were then grown for 2 or 3 d in the presence or absence of 10 μg/ml rat plasma FN and fixed for 15 min at room temperature in 3.7% (wt/vol) Formalin (Sigma-Aldrich) in PBS supplemented with 0.5 mM MgCl~2~ (PBS). For R457 staining, antibody was diluted 1:100 in 2% ovalbumin in PBS. IC3 and anti--collagen IV antibodies were diluted 1:1000 and 1:100, respectively, in 5% goat serum in PBS. Secondary antibodies were diluted 1:600 in 2% ovalbumin or 5% goat serum in PBS along with 4′,6-diamidino-2-phenylindole (DAPI) at 1:1000. Coverslips were then mounted using ProLong Gold antifade reagent (Life Technologies). All images were captured using a Nikon Eclipse Ti microscope equipped with a Hamamatsu C10600 ORCA-R2 digital camera. Total mean fluorescence measurements were performed using ImageJ on 10 randomly selected fields per condition; representative fields are shown. Fluorescence fold-change and SD were calculated for the mean of three independent experiments. Five randomly selected 300-pixel linear regions of interest were selected on representative images using ImageJ, and the fluorescence intensities across those regions were plotted to generate line graphs.

Flow cytometry
--------------

After 3 d of growth in 5 mM glucose with 25 mM mannitol or 30 mM glucose medium, cells were trypsinized, neutralized in 0.5 mg/ml soybean trypsin inhibitor (Sigma-Aldrich), counted, and then resuspended in cold PBS plus 1% bovine serum albumin (BSA). Anti-α5β1 antibody was added at 1:200, and cells were then pelleted and washed before staining with Alexa Fluor 488--conjugated goat anti-rat IgG at 1:500. One sample was stained with secondary antibody alone to serve as a negative control. Cells were subsequently stained with propidium iodide (PI), and runs were gated on live (PI-negative) cells before measuring Alexa Fluor 488 signal. Flow cytometric analysis was performed using a LSRII flow cytometer (BD Biosciences). Excitation of fluorochromes was at 488 nm, and emission was collected through a 525/50 bandpass filter for Alexa Fluor 488 and a 610/20 bandpass filter for PI. The median fluorescence intensity was determined using FACSDiva software (BD Biosciences) and overlay figures generated using FlowJo, version 9.6.4 (TreeStar, Ashland, OR).

Cell attachment assays
----------------------

After 3 d of growth in 5 mM glucose with 25 mM mannitol or 30 mM glucose medium, cells were trypsinized, neutralized in 0.5 mg/ml soybean trypsin inhibitor (Sigma-Aldrich), and counted. Glass coverslips were coated with 10 μg/ml rat plasma FN for 1 h at 37°C and then blocked with 1% BSA in PBS for 30 min at room temperature. Cells were seeded in serum-free medium with the corresponding glucose concentration in the presence or absence of 1.0 mM MnCl~2~ and allowed 1 h to adhere. Unattached cells were washed away with PBS and attached cells fixed for 15 min in 3.7% Formalin, permeabilized in 0.5% NP-40 for 10 min, and then stained with rhodamine--phalloidin (Life Technologies) at 1:500. Images were captured for 15 random fields/condition and cells were counted; representative fields are shown.

Cell binding to 9EG7
--------------------

A 96-well non--tissue culture--treated plate was coated with 1 μg/well of 9EG7 antibody in PBS for 1 h at 37°C and then blocked with 1% BSA in PBS for 30 min at room temperature. Cells that had been conditioned to 5 mM or 30 mM glucose for 3 d as described were seeded at 1 × 10^5^ cells/well in serum-free medium with the corresponding glucose concentrations in the presence or absence of 1.0 MnCl~2~ and allowed 30 min to adhere. For experiments in the presence of DMSO or calphostin C (Millipore), cells were conditioned for 2 d. Unattached cells were washed away with PBS and attached cells fixed for 15 min in 3.7% Formalin. Phase-contrast images were captured using a Nikon TMS microscope equipped with a Photometrics CoolSnap camera for each of three wells per condition per experiment, and cells were counted.

Ligand-binding assay
--------------------

Cells were conditioned to 5 or 30 mM glucose for 3 d as described. Cells were resuspended in modified Tyrode\'s buffer (150 mM NaCl, 2.5 mM KCl, 2 mM NaHCO~3~, pH 6.5, 2 mM MgCl~2~, 2 mM CaCl~2~, 1 mg/ml BSA, 1 mg/ml dextrose). Each reaction contained 120 μl of cells (2 × 10^6^ cells per condition), 40 μl of rat plasma FN (12.5 μg/ml final concentration), and 40 μl of Tyrode\'s buffer. Tubes were incubated for 30 min at room temperature and then divided into three 50-μl fractions. Each fraction was layered on 300 μl of 20% sucrose and centrifuged at 12,000 rpm for 3 min ([@B43]). Pellets were resuspended in SDS sample buffer. Samples were then reduced and separated by SDS--PAGE on 6% polyacrylamide gel and immunoblotted, and band intensities were quantified as described.

Solid-phase binding assays
--------------------------

Plates were coated with a solution of rat plasma FN or of the 70-kDa fragment at 0.5 and 2.0 μg/ml in CAPS buffer (10 mM *N*-cyclohexyl-3-aminopropanesulfonic acid \[CAPS\], pH 11, 150 mM NaCl) in triplicate by incubating overnight at 4°C. Wells were blocked with 1% BSA in PBS and then incubated with 30 μg/ml mouse type IV collagen (BD Biosciences) for 1 h with or without 100 μg/ml gelatin (Sigma-Aldrich). Bound collagen was detected by enzyme-linked immunosorbent assay (ELISA) with anti-collagen IV antibody and biotinylated goat anti-rabbit IgG (Pierce) at room temperature. Bound antibodies were detected with streptavidin β-galactosidase (Life Technologies) diluted 1:500 in 1% BSA with 1.5 mM MgCl~2~ and 2 mM β-mercaptoethanol for 1 h at 4°C, followed by nitrophenyl β-[d]{.smallcaps}-galactopyranoside (Sigma-Aldrich) at 1 mg/ml in substrate buffer (50 mM Na~3~PO~4~, pH 7.2, 1.5 mM MgCl~2~) for 50 min at room temperature. The reaction was stopped with 0.5 M Na~2~CO~3~, and absorbance at 405 nm was measured using an iMark Microplate Reader (Bio-Rad).
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DN

:   diabetic nephropathy

DOC

:   deoxycholate

ECM

:   extracellular matrix

FN

:   fibronectin

FUD

:   functional upstream domain

GBM

:   glomerular basement membrane
